Nanoindentation technique was used to measure the strain rate sensitivity (m) of a nanocrystalline Cu-Ni-P alloy prepared by means of electrodeposition. The m value decreases from 0.034 to 0.018 when the nominal grain size increases from 7 nm to 33 nm. Both m values of the alloy are obviously lower than those of the pure Cu with similar grain size, implying that P segregation at grain boundaries might play a key role in retarding grain boundary activities as compared to pure Cu samples.
I. INTRODUCTION
One of the crucial issues in the research on mechanical properties of nanocrystalline (nc) materials is whether or not the plastic deformation process is dominated by grain boundary (GB) activities when crystallite sizes are small enough. Molecular dynamics (MD) simulations indicated that when grain size (d) of Cu is less than 8 nm, the plastic deformation is dominated by GB sliding. 1 A recent simulation 2 indicated that the flow strength of Cu exhibited a maximum at d ‫ס‬ 10 to 15 nm, which corresponds to a shift in the deformation mechanism from dislocation-mediated plasticity to GB sliding. Although such a transition has been observed experimentally in the literature, 3, 4 it still lacks enough evidence to show if the plastic deformation would be accommodated by GB activities.
Two key signatures of deformation dynamics are strain rate sensitivity of strength (m) and flow stress activation volume (V*), which could shed light on the thermally activated mechanisms contributing to plastic deformation processes in metals and alloys. The m value of a ductile material in uniaxial deformation is commonly written as
where k is Boltzmann's constant, T the absolute temperature, is the flow stress, H is the hardness (which is usually assumed to be three times of the flow stress), and V* is the activation volume which is the rate of decrease of the activation enthalpy with respect to flow stress at a fixed temperature
Carreker et al. 7 first reported grain size dependence of m for tension in Cu, in which an increase of m value from 0.004 to 0.0072 was observed when d decreased from 90 to 12 m. Consequently, extrapolating the grain size dependences of m and of V* down further will be of great significance for understanding the intrinsic deformation mechanism in nc materials. For pure Cu samples, the smallest grain size obtained so far is about 10 nm, at which the m value increase to about 0.06 ± 0.01, 8 still much lower than that required for the occurrence of plastic deformation dominated by GB sliding (m ‫ס‬ 0.5) 9 or Coble creep (m ‫ס‬ 1.0). 10 Practically, it is very difficult to synthesize pure metal samples with d < 10 nm. Addition of a small amount of Ni and P during electrodeposition will facilitate a further reduction of grain size and stabilize the nanostructure. In this work, a nc Cu-Ni-P alloy sample was prepared by means of electrodeposition with a grain size below 10 nm. The m values of the as-deposited alloy and the as-annealed one were measured by using nanoindentation technique. Grain size and solute element effects on plastic deformation mechanism of the nc Cu alloy samples were analyzed.
II. EXPERIMENTAL
The nc Cu-Ni-P alloy was electrodeposited on a pure Ti substrate with an electrolyte containing 3.0 g/l Cu 2+ , 2.2 g/l Ni 2+ , and 40.0 g/l sodium citrate and 70.0 g/l sodium hypophosphite at 70 ± 5°C. Direct current was used to carry out the deposition with a current density of 2.5 × 10 −2 A/cm 2 . The pH value of the electrolyte was adjusted to 7.5-8.0. Chemical analysis shows a Cu content of 88.2 ± 0.6 wt%, a Ni content of 11.1 ± 0.7 wt%, and a P content of 1.07% ± 0.04 wt%, respectively. The nc alloy was vacuum-annealed at 500°C for 2 h. The sample at the surface adjacent to the substrate was used in the subsequent microstructure characterization and nanoindentation.
The microstructure of the as-deposited alloy was characterized by using transmission electron microscopy (TEM) on a JEOL 2010 with 200 kV. Figure 1 shows the typical planar-view TEM images of the sample. Clearly, the sample was made of grains of extremely fine grain size. The continuous and distinct contrast of the selectedarea electron diffraction (SAED) pattern [as in Fig. 1(c) ] indicated the presence of tiny grains with random crystallographic orientations. Twins can also be observed within some big grains. Statistical analysis of the dark field (DF) TEM images indicated that the grain size determined by using the linear intercept method ranges from 2 to 17 nm, with a volume-averaged value of 5 ± 2 nm [ Fig. 1 
Structural analysis was also performed by means of x-ray diffraction (XRD) using Cu K ␣ radiation in a Rigaku DMAX/2400 operating at 40 kV and 100 mA, which indicates that the as-deposited alloy is a singlephase solution with a face-centered-cubic (fcc) structure. The nominal grain size estimated from XRD analysis in terms of diffraction line broadening of 5 Bragg reflection peaks (using the Scherrer-Wilson equation), is about 7 nm, comparable to that from the TEM image analysis. The microstrain 〈⑀ 2 〉 1/2 is 0.23% in the as-deposited sample.
Thermal analysis indicated that no phase transformation occurred when the as-deposited sample was heated to its melting point, implying the absence of second phase precipitates at elevated temperatures. After annealing at 500°C for 2 h, the nominal grain size measured by XRD increased to 33 nm and the microstrain 〈⑀ 
Nanoindentation experiments were performed on Nanoindenter XP T (MTS Inc., TN) with a diamond Berkovich tip. The specimens were first loaded at a constant strain rate of 0.025 s −1 to maximum depth of 1000 nm. Then a dwell period of 15 s was imposed at the maximum depth. Continuous stiffness measurement (CSM) was used to acquire the hardness variation with the increasing of penetration depth. 12 Finally, the specimens were unloaded to 10% of the maximum load and held constant for 20 s to calibrate thermal drift effect in the measurements. Prior to nanoindentation testing, all specimens were electropolished in an electrolyte of a mixture of phosphorous acid, ethanol, and distilled water (with a volume ratio of 1:1:2) at −10°C. Fig. 2(a) ] and the corresponding double logarithmic plot of the H versus ⑀ relationships [ Fig. 2(b) ] between the asdeposited nc Cu-Ni-P alloy and the as-annealed one from nanoindentation tests. Obviously, the former is much harder than the latter. According to the conventional Oliver-Pharr analysis, 12 the hardness value of the as-deposited alloy is 5.0 ± 0.1 GPa, while that of the as-annealed sample is about 3.5 ± 0.1 GPa. The m values calculated using linear least-square regression indicate that the as-deposited nc alloy exhibits higher strain rate sensitivity than the as-annealed one.
III. RESULTS AND DISCUSSION

Figure 2 compared the typical P-h curves [
The statistical distributions of the measured m values of the as-deposited and the as-annealed nc Cu-Ni-P alloy are shown in Fig. 3 . Based on repeated 50 indents in each sample, Gaussian distributions for m values could be observed for both cases. The m value varies from 0.009 to 0.068 and results in an average value of m ‫ס‬ 0.034 ± 0.009 for the as-deposited nc Cu alloy, as compared to a much narrow variation (0.008-0.036) and nearly twice that for the as-annealed one (0.018 ± 0.007). The comparatively large experimental scatter of the m values might source from the distribution of grain size and/or localized chemical inhomogeneity of the alloy. Further experiment indicates the m value of the asdeposited nc Cu alloy does not depend very strongly on indentation depth. It decreases from 0.035 slightly to 0.031 as the tip penetrated from 100 to 1200 nm, which is much less than the scatter bar of the measured m value (as shown in Fig. 4 ). There is no obvious indentation size effect (ISE) for m value of the as-deposited alloy. Figure 5 shows a comparison of m values as variation of grain size in the nc Cu-Ni-P alloy with the pure Cu. [6] [7] [8] [13] [14] [15] [16] [17] [18] [19] First, an increasing trend of m with decreasing grain size is observed in both pure Cu and Cu alloy, which substantiates that grain size has a pronounced influence on the deformation mechanism in nc metals. Secondly, both values of m of nc Cu alloy are evidently smaller than those of pure Cu with similar grain size. Obviously, the addition of P and Ni may affect the deformation mechanism of the nc Cu alloy.
The V* values calculated using Eq. (2) Comparisons of (a) the typical nanoindentation P-h curves and (b) the corresponding double logarithmic plots of the measured hardness as a variation of strain rate between the as-deposited nc Cu-Ni-P alloy and the as-annealed sample, respectively.
as-deposited nc Cu alloy and ∼24b 3 for the as-annealed one. The extremely small activation volume in nc Cu alloy was also observed by measurements in the pure nc Cu samples with grain sizes ranging from 10 to 42 nm prepared by magnetron sputtering and surface mechanical attrition treatment 8 in which the V* value of pure Cu is ∼8b 3 for d ‫ס‬ 10 nm and ∼23b 3 for d ‫ס‬ 42 nm. Those V* data for the nc Cu and its alloy are significantly smaller than those reported for the coarse-grained (CG) Cu (3300b 318 for the 60 m CG Cu and 1340b 320 for the 12 m CG Cu, respectively), indicating grain size affects the activation volume of the flow stress.
For conventional CG fcc materials, dislocation gliding and multiplication are the dominant mechanisms in plastic deformation. Therefore, the plastic deformation shows weak rate dependence (very small m) resulting in the V* value usually around ∼1000 b 3 for pure Cu. 18, 20 When grains of fcc metals are refined to small sizes, e.g., tens of nanometers, both the segment length and the travel distance of dislocations will be decreased to be comparable with grain size. The dislocation glide mechanism is suppressed and GBs become the dominant intersection obstacles. Thus, an increased m (0.018) and decreased V* (∼24b 3 ) could be expected for 33 nm Cu alloy.
With a further decrease of grain size into the nanometer regime, nucleation and movement of lattice dislocations are suppressed severely by the ultrafine grains. It was suggested that GB diffusion could dominate the rate sensitivity for the materials with nano-scale grain size as demonstrated by extensive atomistic simulations. 1, 2 In this case, those GB activities may be assisted by generation and absorption of dislocations at GBs, of which the activation volume should correspond with (or be close to) that of atomic diffusion in the GBs, i.e., on the order of an atomic volume, ∼1b , as predicted by different researchers. [21] [22] [23] The extremly small value of V* ∼ 8b 3 of the as-deposited nc Cu alloy corresponding with our measured data of pure Cu specimens 8 supports the idea 6-8, [13] [14] [15] [16] [17] [18] [19] that GB activities are becoming more important in plastic deformation when d is reduced to a few nanometers. However, the GB activities do not yet dominate the plastic deformation in the present samples. Although the grain size is rather small, the measured m value of the as-deposited nc alloy is still one order of magnitude lower than that required for the occurrence of GB diffusion-controlled GBS 9 or coble creep. 10 Although the incorporation of P into the electrodeposit can reduce grain size, it may be disadvantageous to the atomic diffusion in the GBs. Färber et al. 24 investigated P segregation in nc Ni-3.6 at.% P alloy using the tomographic atom probe (TAP) and found that P segregated along GBs in both the as-deposited and thermally aged states. This might be able to explain the reduced m value of the Cu alloy as compared with the pure Cu. On the one hand, P segregation at GBs will stabilize the nanostructure and consequently make the synthesis of nc Cu alloy with extremely small grain size possible; on the other hand, it may suppress the mobility of GBs and provide an additional resistance to the plastic deformation.
IV. SUMMARY
In summary, the strain rate sensitivity measured using the nanoindentation technique of the electrodeposited nc Cu-Ni-P alloy with a nominal grain size of 7 nm is about 0.034, higher than that of the as-annealed one with a grain size of 33 nm (0.018). These m values are lower than those of the pure Cu with similar grain size. The P segregation at GBs is suspected to play a key role in retarding GB activities with respect to the nc pure Cu samples.
